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The title compounds were synthesized and studied by solution and single-crystal absorption, luminescence, and
excitation spectroscopy. The f—f luminescence is induced in the Tm®* and Yb3* complexes in solution by exciting
into the TT-'TT* absorptions of the ligand in the UV. A single-configurational coordinate model is proposed to
rationalize the nonradiative relaxation step from ligand-centered to metal-centered excited states in [Yh(dpa)s]*~
(dpa = 2,6-pyridinedicarboxylate). Direct f—f excitation is used in crystals of Nas[Tm(dpa)s]-13H,0O and Nas[Yb-
(dpa)s]+13H,0 to induce f—f luminescence. From low-temperature, high-resolution absorption, luminescence, and
excitation spectra, the ligand-field splittings in the relevant states can be determined. It was impossible to induce
NIR to VIS upconversion in any of the complexes. This is mainly due to the fact that nonradiative relaxation among
the f—f excited states is highly competitive, even in [Yh(dpa)s]*~ with an energy gap between ?Fs;, and 2F, of
about 10000 cm™1. It can be rationalized on the basis of an adapted energy gap law. No luminescence at all could
be detected in Nas[Er(dpa)s]-13H,0.

1. Introduction emitter) and E®# (red emitter) complexes, with an increasing
. : ; - o
The optical and spectroscopic properties of lanthanide interest in recent years in ¥bhcomplexes$: 7 The application

containing compounds are of enormous interest in various potential of these systems is in areas where chemical

areas of science and technology. Interestingly, there Seemsolubility or chemical attachment.is injportgnt: Iumine§cent
to exist two relatively distinct areas with rather limited probes in analytical and biomedical imaging applications.

communication. One could be called the chemical area, in The principal problem in all molecular lanthanide complexes

which molecular lanthanide complexes are being preparedWith organic Iigands_ig that_spontanequg light emis;ion Is in
and investigated The physical area is focused on lanthanide V€'Y strong competition with nonrgdlatlve relaxation pro-
doped ionic crystals or glassés. cesses involving the high-energy ligand and solvent vibra-

The luminescence properties of lanthanide complexes aretlons. Deutgraﬂon, fluorlnatlon,' and encapsulation gre stan-
usually studied in solution. Low-resolution spectroscopy, dard techniques to counter this problem. Another issue of

combined with lifetime and quantum yield measurements, impo_r.tance is the thermodynamic, kinetic, and photochemical
is the principal technique. Questions of light conversion, that Stability of such complexes.

is, energy transfer from the ligand to metal localized excited  In lanthanide doped oxide or halide crystals and glasses,
states, are being studied. Many attempts are being made tdhe highest vibrational energies and, thus, the efficiency of
increase the light output, that is, the quantum vyield, by
chemically varying the ligand coordination and the solént. ~ (4) Beeby, A;; Clarkson, I. M,; Dickins, R. S.; Faulkner, S.; Parker, D.;

The big majority of these studies has been oA Tlgreen ggglebt’;k?fﬁgﬂzéﬁggg'hg@?gf' J. A G.; Woods, 8.Chem.
(5) Maupin, L. C.; Dickins, R. S.; Govenlock, L. G.; Mathieu, C. E.;
* Author to whom correspondence should be addressed. E-mail: hans- Parker, D.; Williams, J. A. G.; Riehl, J. B. Phys. Chem. 2000
ulrich.guedel@iac.unibe.ch. Fax-41 31 631 43 99. 104, 6709-6717.
(1) Sabbatini, N.; Guardigli, M.; Manet, Handbook on the Physics and (6) Beeby, A.; Dickins, R. S.; Faulkner, S.; Parker, D.; Williams, J. A.
Chemistry of Rare Earth<€lsevier Science: New York, 1996; Vol. G. Chem. Commuri997, 1401-1402.
23. (7) Klink, S. I.; Hebbink, G. A.; Grave, L.; Peters, F. G. A.; Van Veggel,
(2) Fejer, M. M,; Injeyan, H.; Keller, UTrends in Optics and Photonics F. C. J. M.; Reinhoudt, D. N.; Hofstraat, J. Wur. J. Org. Chem.
Optical Society of America: Washington, DC, 1999; Vol. 26. 200Q 1923-1931.
(3) Hasegawa, Y.; Takashi, O.; Sogabe, K.; Kawamura, Y.; Wada, Y.; (8) Dickinson, E. F. G.; Pollak, A.; Diamandis, E. B. Photochem.
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Optical Spectroscopy of NfLn(dpa)s]-13H,0

multiphonon relaxation processes are much reduced. Specwould provide ideal combinations. From numerous studies
troscopic studies on such systems are often done at cryogenion various lanthanide ions, it is known that in the nine-
temperatures using high spectral resolution. Crystal-field coordinate [Ln(dpa]®~ complexes, where dpa= 2,6-
splittings can, thus, be determined and analyzed in terms ofpyridinedicarboxylate, relatively high quantum yields of the
theoretical model& Both spontaneous and stimulated emis- f—f emission compared to other complexes can be achieved.
sions of such materials are used in many technologically We therefore chose the [Er(dgg), [Tm(dpa}]®, and
important applications. Spontaneous emission is the basis[Yb(dpa)]®~ complexes for this study.
in lighting and display phosphors as well as scintillaf§rs.
Lanthanide doped crystals and glasses are among the most- Experimental Section
important laser materials with applications in imaging, 2.1 Synthesis? NagLn(dpa)s]-13H,0 (Ln = Er®, Tms*,
medical, materials processing, analytical, environmental, andyp3+). The commercial LgO; (Ln = Er* (99.999% Johnson
telecommunications areas. Mattey & Brandenberger AG), T (= 99.9% puriss., Fluka), and
We have shown that chemical variation can significantly Yb*" (99.99% Rhae-Poulenc Chimie, France)) was heated in an
change the light emission properties not only in molecular €xcess of 32% HCl until a clear solution had formed. The solution
but also in ionic lanthanide compounds. Using very similar was evapora_ted to dr_yness an_d the residue redissolved in water.
principles to the ones used for complexes, we have been abIeTh'S lanthanide chloride solution was added to a hot aqueous

to reduce the efficiency of multiphonon relaxation processes solution of 2,6-pyridinedicarboxylic acid (99%, Aldrich) in a molar

. ) ratio of 1:3. The solution was brought to a pH of approximately
n Er‘f*, Tm3_+, Dy3+,_ and _Hé+ doped crystals by chposmg 7.5 by the dropwise addition of a dilute NaOH solution. Single
heavier halide lattices instead of the usual oxides and crystals of Ng[Ln(dpa)]-13H,0 (Ln = EF*, Tmd*, Yb3*) were

fluorides>™*> This can lead to new photophysics and, of optained by slow evaporation of the solution within one week. These
particular interest to us, new near-IR (NIR) to visible (VIS) compounds all crystallize in rectangular plates with an average size
upconversion processes. of 2 mm x 2 mm x 1 mm. The crystals have the color of the

These chlorides and bromides are usually air-sensitive andrespective Ianthanide., which is pink in the case of erbium and
hygroscopic. From a materials point of view, this is a serious coI_orIess for the ytterbium and thulium compou_nds. They lose water
disadvantage. In addition, energy transfer and migration quﬁenzj?;)y]‘;Vihgr:);?g‘(’)?;v:rr]?/?xlzshrgf(tg\e/:)'q;lc:]:'s NagLn

. _ : 3 i -

processes usually dominate t_he excitation d_yna_m|cs of dOped(dpa);]-lsl—bO (Ln= Er*, Tmé*, Yb*) was dissolved in hot water.
|0n|c_ Iat_tlces, unles_s the doping Concentrathn IS yery small. This solution was added to a hot aqueous solution of PVA (72000,
In principle, these_dlsadva_lntages (.:an be aVP'ded In rTmlecularFIuka). A thin film was obtained by pouring the mixture into a
complexes, both in solution and in the solid state. Petri dish and evaporating the solvent.

In the present paper, our objective is threefold. What can 2.2, Crystal and Molecular Structure. Nag[Er(dpa}]-13H,0
we learn by applying high-resolution, single-crystal absorp- crystallizes in the monoclinic space groBg./c as described by
tion and luminescence spectroscopy at cryogenic temperaturgdlbertssont’ The structure is built up of mononuclear tris(2,6-
of molecular complexes? Is it possible to induce photon Pyridinedicarboxylate) complexes, which crystallize/ag\-race-
upconversion in such a system? Is it possible to derive ligand-mates. The lanthanide ion is surrounded by six oxygen and three
field energy splittings using our high-resolution techniques? \r/'\'/trogendatomj W;'Ch d(ej_f;fne a d'Stortehd tricapped t”ggnal prism.
The2F7,2 and?Fs;; splittings of YB* are of particular interest 13e|_|2uge(ufozw Eerg v _rl_?]/yy' ;?)(;E;) nthrCthaerezg:;fr(l:zoe;]mpgfjn%a")gghe
in this respect. The Y& ion plays a very special and

. . . published structure was verified by a Rietveld analysis of the
important role because of its very simpleffenergy level powder diffraction pattern. The Tih and YB* compounds have

structure: besides t.h@m ground multiplet, there is only  completely analogous powder patterns, and we conclude that the
the 2Fs;; excited multiplet around &m, with the rest of the three compounds are isostructural.

NIR and VIS spectrum transparent. In ionic systems3*Yh 2.3. Spectroscopy. Absorption Measurementsll the crystal
is a very good sensitizer for upconversion processes,spectra were measured with unpolarized light and random crystal
particularly in Tn¥" and E?* codoped crystal¥’ If upcon- orientation. Absorption spectra were taken on a Cary 5e (Varian)

version could be achieved in molecular systems, dinuclear spectrometer. Solid samples were mounted in a closed copper cell
complexes containing Y¥b—Tm3™ or Yb3 —Er* pairs and cooled with a closed cycle cryostat (Air Products Displex).
Luminescence and Excitation MeasurementsContinuous-

wave luminescence and excitation spectra were measured using a

(9) Lithi, S. R.; Hehlen, M. P.; Quagliano, J. R.;"@al, H. U. Phys.

Rev. B 1998 57, 15229-15241. Ti:sapphire laser (Spectra Physics 3900S), pumped by an argon
(10) Jistel, T.; Nikol, H.; Ronda, CAngew. Chem1998 110, 3250~ ion laser (Spectra Physics 2060-10SA). Wavelength control was

3271. i i ; i } irafri
(11) Guillot-No@, O.; de Haas, J. T. M.; Dorenbos, P.; van Eijk, C. W. E.; ?lchleved byhan mCh\INom hd“ven (Burl_elgh Pz .Sr?]') birefringent

Kramer, K. W.. Gidel, H. U.J. Lumin.1999 85, 21—35. ilter, _and the wavelength was mo_mtored with a wavemeter
(12) Hehlen, M. P.; Frei, G.; Giel, H. U.Phys. Re. B 1994 50, 16264~ (Burleigh WA2100). The sample luminescence was dispersed by
13 1R§253- T Kimer K. Gidel H. ULl Chem1995 34 2745 a 0.85 m double monochromator (Spex 1402) and detected by a
(13) 27";2‘_3”8“ ++ Knmer, K.; Glgel, H. U.Inorg. Chem1993 34, cooled photomultiplier tube (RCA C31034 or Hamamatsu 3310-
(14) Wermuth, M.; Riedener, T.; Glel, H. U. Phys. Re. B 1998 57, 01) using a photon counting system (Stanford Research SR400).

4369-4376. Cooling of the solid samples was achieved using the helium gas
1s5) %‘é‘eh}z" Wermuth, M.; Gdel, H. U.Chem. Phys. Let1.998 290 flow technique. For THf lifetime measurements, rectangular pulses
(16) Heine, F.; Ostroumov, V.; Heumann, E.; Jensen, T.; Huber, G.; Chai,

B. T. H. OSA Proc. Ad. Solid-State Laser$995 24, 77. (17) Albertsson, JActa Chem. Scand.972 26, 985-1004.
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Figure 1. Absorption spectrum of a 0.14 mM aqueous solution of L L L L B B BB IR
L\(()t:é?)ﬁ)&);]* at room temperature. Value efis given per mole of the 10000 15000 20000 25000 30000
' Energy [cm ]

were generated by using an acousto-optic modulator (Coherent 305)Figure 2. Unpolarized single-crystal survey absorption spectra of Na
connected to a function generator (Stanford Research DS 345). FolLn(dpa)]-13H0 (Ln = Er*", Tm*") at 12 K. All observed transitions are
the YE lifetime measurement, 10 ns pulses of a dye laser (Lambda 12Peled with the respecti&"L; term symbol.
Physik FL3002, Pyridine 1 in methanol) pumped by the second
harmonic of a Nd:YAG (Quanta Ray DCR 3) were Raman-shifted
(Quanta Ray, RS-1, 51340 psi, operative range 933025 nm). 2 T 1
The sample lumi i i 157 fre o1 2
ple luminescence was _d|spers_ed by a 0.75 m single —T
monochromator (Spex 1702) equipped with a 750 nm blazed 600 3 210
grooves/mm grating. The temporal behavior of the luminescence
intensity was detected using a multichannel scaler (Stanford
Research SR430) for decay curves. Luminescence spectra excited
in the UV were measured using a Spex Fluorolog-3 (Jobin Yvon
Ldt) system. All the spectra were corrected for the sensitivity of
the detection systems. The wavelength was corrected for the
refractive index of air (vacuum correction). The excitation spectra by
were corrected for the wavelength dependence of the output power A‘
of the Ti:sapphire laser and the xenon lamp, respectively. 0 b o f__f_g___J
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Figure 1 shows the absorption spectrum of a 0.14 mM Figure 3. Unpolarized high-resolution absorption spectra at various

aqueous solution of [Yb(dpg§~ at room temperature in the ~ temperatures of thé7,, — ?Fs, transition in a Ne[Yb(dpa}]-13H.0 single
. . .. crystal. Electronic origins of the individual ligand-field levels are assigned

near UV. It shows a very intense band system with an origin 'the top.
at 35870 cm® and progression members at 36900, 37850,
and 39020 cm. A shoulder of a further electronic transition energies and shapes. The ligand field leads to the observed
can be estimated at 45400 thnThe spectrum has the typical multiplet splittings. These absorption bands are readily
shape and position of a ligand-centetgt-'IT* absorption  assigned by a comparison with the Dieke diagfambove
band. Exciting an aqueous solution of [Yb(dg#) in the 30000 cnt?, the crystal spectrum is dominated by the onset
UV at 37026 cm* leads to a broad band luminescence in  to the strong ligand-centerdH —IT* absorptions. Note that
the visible region with a maximum around 24320 ¢mAs they axis is scaled up by 3 orders of magnitude compared
has been shown by Nudelmat al, this emission stems  to that in Figure 1.
from a photoproduct formed under UV illumination of the  Figyre 3 shows the temperature-dependent single-crystal
ligand. The ligand dpa is reportgq to exhibit only negligible absorption spectra of Ni¥b(dpa)]-13H,0. The 2F7, —
fluorescence under these conditidhs. 2F5, transition is shown at various temperatures between 15

Figure 2 presents the high-resolution 12 K crystal absorp- K and room temperature. The 15 K absorption spectrum
tion spectra of NgLn(dpa)]-13H,0 (Ln = Er**, Tm**) in shows three strong and sharp peaks at 10217, 10288, and
the range between 5000 and 33000-¢nThe sharp line 10485 cntt and a broad band between 10325 and 10700
multiplets are characteristic for the specific lanthanide ion ¢m-1, Upon heating, two prominent peaks at 10150 and
and readily identified asf transitions on the basis of their

(19) Dieke, G. HSpectra and Energy Lels of Rare Earth lons in Crystals
(18) Nudelman, R.; Bronk, B. V.; Efrima, S\ppl. Spectrosc200Q 54, Crosswhite, H. M., Crosswhite, H., Eds.; Interscience Publishers: New
445-449, York, 1968.
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Figure 4. Luminescence and excitation spectra of fife, < 2Fs;» T v T T [ T T T 1 T T
transitions in a NgYb(dpa)]-13H;0 single crystal and in a [Yb(dpd¥~
doped PVA matrix at 15 K. The excitation wavelength was 10515%cm 12000 16000 1 20000
for both luminescence spectra. The luminescence was detected at 10152 Energy [cm ]

cm~1 for the single crystal and at 10119 cifor the PVA matrix.

Figure 5. Luminescence spectra of aqueous solutions of [Tméiipa)

1 . (a) and [Yb(dpag3~ (b) exciting into a ligand-centered level at 37026 ém
10099 cm* emerge, because of transitions from thermally The inset in (b) shows the luminescence decay curve of [Ybgtfpan a

populated ligand-field levels of the ground state. The two semilogarithmic representation. The resulting decay timegs.2
brackets at the top indicate the ligand-field splittings in the

ground {F7,2) and excited ¥Fs2) states derived from these The dpa complex of Y& exhibits very weak near-infrared

sp_le_ﬁtral.s K lumi d o N luminescence in solution at room temperature by exciting
c uminescence and excitation spect[a Of & Na  yasonantly into théFs;, level at 10513 cmt or into the'IT—
[Yb(dp a}]-13H0 single crystel and ofa [Yb(dp;ﬁ doped T* absorption band centered at 37026 ¢nirhis is shown
polyvinyl alcohol (PVA) matrix are shown in Figure 4. The in Figure 5b, where three maxima at 10224, 10112, and 9832
fine structure is considerably better resolved in the crystal 1" - bé identified. The inset to Figur,e 50 shows the
epectra. Th".s is a result of inhomogeneous breadenlng eﬁeCtStemporal behavior of the luminescence intensity after 10 ns
in the plastic. The four well-resolved maxima at 10217, pulse excitation at 10312 crh The lifetime is 2us

10150, 10099, ar_1d 9869 cthin the crysta[ Ipmlnescenee The same excitation at 37026 chin an aqueous solution
spectrum are assigned to the electronic origins of transitions [Tm(dpa)]® leads to blue and red luminescence, as shown
to the ligand-field levels of the ground state. The excitation in Figure 5a. The two bands at 20960 and 1543éjcme
spectrum close'ly follows the. absorption spectrum, apd the readily assigned to transitions from th&, level to the
peaks are a35|gned accordingly. F_ror_n a combination Ofground statéHg and to the first excited stafél,, respec-
absorption, luminescence, and excitation spectra, we thustively. The intensity ratio between these two bands is 3.5.
have a consistent picture of the ligand-field splittings in both n upper limit of <0.5 us has been determined for the
the grognd and the .exc.lted states. From the coincidence o lifetime of 1G, at room temperature. Both transitions are also
absorption and excitation spectra, we conclude that theobserved by directly exciting tH®, level of Tn#* at 27770

Iumlneslcernhcee':ls (l)ntrlnsz:;:, tgat is, from thehlg_ulk of e .11 or by resonantG, excitation with the 476.5 nm Ar
(Tatfr'? brat 7’2$ )'d b Sg(. t)trar:5|t_|ons etx Itltt atk?reith laser line. Excitation into the ligand at 37026 chaddition-
eal of vibrational sideband intensity, In contrast to the other , regits in weakD, — 2H, luminescence centered at

!igand-field component.s.'Thi's b.ehavior has been observed22000 cml. Luminescence from théG, state is also

in numerous Y_ﬁ* contam_lng ionic systen®. The 2F5,(0') observed in doped [Tm(dpad)~ PVA matrixes at room

— *F/0) line in the Iummescence sp_ectrum_of the erystal temperature. Laser excitation at 476.5 nm into a single crystal
suffers from reabsorptlo_n. The total ligand-field splittings of Na[Tm(dpa}]-13H,0 leads to a broad band emission
for the ground and excited states are 348 and 268'cm extending from 13500 to 21000 crhand exhibiting reab-

respectively. The 15 KFs;, — 27, luminescence lifetime sorption peaks corresponding teff excitations of Trd*.
is 2.5us in the crystal. The luminescence intensity of the An upper limit of the lifetime at 15 K is 0.%&s.

crystal decreases by a_bout 5.0% between 15 and 125 K. At The 12834 cm! excitation at 15 K of NgTm(dpa}]-
room temperature, the intensity is reduced by several orders13H20 leads to highly resolved near-IR emission from the
of magnitude. 3F,4 level. Figure 6 shows the 15 #, — 3He luminescence
(20) Buchanan, R. A.; Wickersheim, K. A.; Pearson, J. J.; Herrmann, G. and the corresponding excitation spectrum in comparison
F.Phys. Re. 1967, 159, 245-251. with the absorption spectrum in the same spectral region.
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3 solvent. This is essential for the observation eff fumi-
3 nescence from molecular complexes. The absorption spec-
6

I_miiél'ﬂﬁ
— trum depicted in Figure 1 for a 0.14 mM solution of
} =2 [Yb(dpa)]®*~ shows the typical spin-allowedI—IT* excita-
tions between 35000 and 40000 ¢mThis part of the

Absorption spectrum is essentially the same for the [Th(gja)
complexX? and is very similar to the spectrum of the free
ligand?* The'IT-TT* excitations of the conjugated system

in dpa are practically unaffected by the lanthanide coordina-
tion.

There is no evidence ofl1I-3[1* absorptions in the
solution or crystal absorption spectra (see Figure 2), even at
Luminescence cryogenic temperatures. The lowedi* level has been
estimated to lie around 26600 ctin [Tm(dpal]® .22
Despite the heavy-atom effect which can increase'the
SIT* oscillator strength by orders of magnitude, these
transitions are still too weak to be observed in absorption.
Figure 6. Absorption, luminescence, and excitation spectra offae~ The relevance of Iigandl‘[* excited states will become
*Hg transitions in a single crystal of NAm(dpa}]- 130 at 15 K. The — »arent in section 4.3, where excitation migration and

luminescence was excited at 12834 ¢pand for the excitation spectrum, o . !
the luminescence was monitored at 12362 &nThe electronic origins of excitation trapping are discussed.

some crystal-field levels are indicated at the tegs given in units of The highly resolved crystal absorption spectra at cryogenic

Excitation

T I 1 | I 1 T I T T T l T T T

12000 12400 12800
Energy [cm'1]

[I-mole~t-cm™1]. . . )
temperatures in Figures 2 and 3 contain a great deal of
Table 1. Experimental Luminescence Lifetimes information about the +f energy level structure and the
[Yb(dpa)]3~ solution, 300 K us intensity distribution among the-f excitations. As described
Nag[Yb(dpa)|-13H;0, 15 K 2.5us in section 3, assignments of the multiplets are straightfor-
N?&ﬂﬂgﬁﬂﬁ;ﬁf 115K <05us ward. The NgYb(dpa)]-13H,0 absorption spectrum only
[Tm(dpa}]®~ solution, 300 K <0.5us contains one multiplet just above 10000 ¢nfsee Figure
(1Ga) 3), with the rest of the NIR, VIS, and near-UV transparent.

. PR . ) i
The absorption spectrum closely follows the excitation This property of YB*, which is due to its 4¢ configuration,

spectrum, and we conclude that the luminescence is intrinsic.makf35 t.h's lon a very important one for various photonic
The resolution of the luminescence spectrum is instrumen- applications in ionic crystals and glasses:

tally limited, and not all the ligand-field components can be ~ When we use terms such as ligand-centered and lan-
identified. The excitation and absorption spectra are betterthanide-centered excitations, we imply that the two types of
resolved, and a reliable picture of the ligand-field splitting excitations are decoupled. The justification for this lies in
of the 3F, excited state can be derived. Total ligand-field their vastly different oscillator strengths, combined with
splittings of 529 and 374 cm are obtained fofHs and3Fs, different energies. ThélI-'IT* transitions have typical
respectively. Both in absorption and luminescence, we oscillator strengths of the order of 0.1, whereas those of the
observe a physical broadening of the lines as we move awayf—f transitions are typically of the order of 19 that is, 5
from the 0-0' origin. This phenomenon is well-known in  orders of magnitude smaller. This is mainly due to the
the high-resolution spectroscopy effftransitions. Its origin shielding of the f-electrons resulting in atom-like behavior.
is an interaction of electronic origins with vibrational In analogous transition metal ion complexes such as the 4d
sidebands built on other origins. There is a sharp decreasdris-chelate complex [Ru(bpylf*, one also uses the terms

in luminescence intensity with increasing temperature. For ligand-centered and metal-centered for the excited states. But
the lifetime at 15 K, an upper limit 0£0.5us can be given. ~ here, the distinction is not as clear-cut, because there are
No resonant near-infrared luminescence was observed byclose-lying charge-transfer states, which mediate and lead
exciting the E#*-centeredl,1,, level of a Na[Er(dpa)]- to a certain mixing of the character.

13H,0 single crystal, even at cryogenic temperatures. The 4.2. Energy Transfer and Relaxation within the Com-
numerical values of all the measured luminescence lifetimesplexes. The most efficient way to electronically excite the
are collected in Table 1. title complexes is by near-UV excitation into tAH—TT*

. . absorptions around 37000 cfnNonradiative processes then
4. Discussion

4.1. Ligand- and Metal-Centered Excitations.The 2,6- (21) Hopkins, T. A.; Bolender, J. P.; Metcalf, D. H.; Richarson, Snbrg.
pyridinedicarboxylic acid (btipa) ligand was chosen for our ., YAV SEE 3R oy 1065 54, 2022 2025,
study, because it was shown for dpa.coordlnated complexes23) sharma, P. K.; van Doorn, A. R.; Staring, A. G.JJLumin.1994
of EW¥",2! Th®",22 and Tn¥#" 28 that in the [Ln(dpa)®~ 62, 219-225.

s : (24) Peral, F.; Gallego, ESpectochim. Acta £00Q 56, 2149-2155.
complexes the-ff excitations were reasonably well shielded (25) Shionoya, S.: Yen, W. MPhosphor HandbookPhosphor Research

from the C-H and O-H oscillators of the ligands and the Society; CRC Press: Washington, DC, 1999.

1052 Inorganic Chemistry, Vol. 41, No. 5, 2002



Optical Spectroscopy of NfLn(dpa)s]-13H,0

Yb*- ligand Translated into modern language, this work postulates a
} Fre- S phonon assisted energy transfer process, in which the excess
energy is transformed into vibrational energy and ultimately
)R- T, heat. We translate this further into a single-configurational
coordinate (SCC) picture. The situation can then be repre-
*,,-S, sented as shown in Figure 7, Where the bolq gurly arrow
represents the process we are discussing. It is important to
g realize that we have both ligand-centered and metal-centered
Q e states in the same diagram. We are, thus, using double labels

_— to emphasize this. The step is no longer an energy transfer
Figure_?._ Single-configurational coordinate pict_ure representing t_he process from one chromophore (Iigand) to another chro-
gﬁgﬁ‘g@'i‘f[&b“& 52[0_"‘8) r:ggégitga:'Eﬁg’gtéfggaﬂgzgrg?"t‘ﬁg {g':;‘gt'gf” mophore (YB*). Itis a nonradiative relaxation process from
approximately 1200 crit. The states are labeled in a double $¥bligand) a highly excited state of the same chromophore, that is, the
notation. [Yb(dpak]®~ complex. The configurational coordinate Q in
Figure 7 is the main expansion coordinate of thex*
excitation, that is, essentially the breathing mode of the
chelate ring. Within the Condon approximation, the nonra-
diative relaxation rate between two statdgd]l— |alis

proportional to a thermally averaged Franckondon factor.
ligandst As shown in Figure 7, an intraligand intersystem Within the SCC model at low temperatures, this is given

crossing (ISC) process frodiI*(S;) to 3I1*(T4) is usually by
assumed to be the first step in this sequence. Compared to
the free _Iigand, intersystem crossing is_much more competi- FCr—o) = @a’pwbme = _SISO (1)
tive against fluorescence in a lanthanide complex because P
of spin—orbit coupling induced by the heavy metal. We do
not observe any ligand fluorescence in our complexes in " X
solution. So, we take this first step as established. displacement of the upper stabwith respect to the lower
The next step is usually called an energy transfer step fromStat€|atjalong the coordinate @ is the reduced energy
the ligand to the metal within a given complex. As such, it 9aP (in units ofiwg between the=0 levels of|aliand|bL).
requires some spectral overlap between the luminescencd 0" [YD(dpa)]*~, we can estimatdiwg and S from the
profile, that is, the ligand phosphorescence profile in our absorption spectrum in Figure fiwg ~ 1200 cni?, andS
system, and some lanthanideffabsorption. With a lowest = 2. From this, we immediately ggt=~ 14 for the {F7>—
estimateIT* level around 26600 cri, we can see from 11 — (*Fs2=So) andp = 22 for the tF72—T1) — (*Frz—
Figure 2 that théHg, level of ER* around 24000 crii is So) relaxation. The latter roughly corresponds to the—¥

lead to the population of the lower-lying-f excited states,
and for Na[Tm(dpa}]-13H,0 and Ng[Yb(dpa)]-13H,0, the

f—f emissions in Figure 5 can be observed. This principle
of intramolecular energy transfer has been described for a
large number of lanthanide complexes with chelate

where S is the Huang-Rhys factor, a measure of the

ideally suited for a resonant energy transfer,Bglevel of S nonradiative relaxation in the free_ Ilgand In Conjugated
Tm?* around 21000 cmt may still have some overlap with 7 Systems at room temperature, typically between 1% and
the phosphorescence profile, and, in the case dFgevel 50% of ther—z* excitation is lost nonradiatively. Applying

of Yb®*" around 10000 crri, there is definitely no spectral  €d 1, we calculate that the rate constant of the nonradiative
overlap with the ligand luminescence profile. This energy (*Fz2—T1) — (?Fs2—So) process in [Yb(dpa)*~ is 7 orders
transfer step is usually considered to be efficRriut it of magnitude bigger than that for 7> S in the free ligand.

certainly calls for an explanation in the case of [Yb(dpa) Itis, thus, plausible that the nonradiative process shown with
with an energy mismatch of about 16600 ¢rbetween the  the bold curly arrow in Figure 7 is dominant. We conclude
lowest °[T* level and the?Fs, level of Yb**. A similar that the simple SCC picture with the full complex as the

observation was recently reported for a SYbprotein chromophore is better suited to understand this nonradiative
complex, in which excitation of the peptide group around step than the picture of an energy transfer with large
35000 cm® was found to lead to Y& 2Fs, luminescence  mismatch between two separate chromophores.

in ghe N2|R- An electron transfer mechanism involving @ e finally have to discuss the nonradiative relaxation
Yb¥/Yb?" redox process was postulated to explain the ,rocesses between the metal-centerefistates. Within an
puzzling result? It is not plaus@)le that such a mechanism  gcc picture, there is essentially no displacement of these
should be active in [Yb(dpdf~. Better guidance t0 an  giates along any coordinate: we are in the weak coupling
understanding of the phenomenon is found in a paper bylimit, that is, S = 0. In this situation, the energy gap law

Crosby and Kasha in the 19585. very successfully accounts for the situafon

(26) Klink, S. I.; Alink, P. O.; Grave, L.; Peters, F. G. A,; Hofstraat, J.
W.; Geurts, F.; van Veggel, F. C. J. N. Chem. Soc., Perkin Trans. (29) Brunold, T. C.; Gdel, H. U. InInorganic Electronic Structure and

22001, 363-372. SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; Wiley: New York,
(27) Horrocks, W. D., Jr.; Bolender, P. J.; Smith, W. D.; Supkowski, R. 1999; pp 259-306.

M. J. Am. Chem. S0d.997 119 5972-5973. (30) van Dijk, J. M. F.; Schuurmans, M. F. H. Chem. Phy4983 78,
(28) Crosbhy, G. A.; Kasha, MSpectrochim. Actd958 10, 377—-382. 5317-5323.
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K, ~ g hp (2) 4.3. Ligand-Field Splittings in Nag[Tm(dpa)s]-13H,0
o ) and Nag[Yb(dpa)s]-13H,0. High-resolution absorption and
The nonradiative relaxation rate constant decreases expoj,minescence spectroscopy has been used to determine
nentially with increasing energy gap. In ionic crystals,  crystal-field splittings of electronic multiplets in a large
refers to the highest-energy vibrational mdten., andf number of Li* doped crystald In particular for laser
is a specific constant of the material. There is a good rule of crystals, a knowledge of the energy levels is very important.

thumb in f-electron systems that nonradiative relaxation is |, the present study, we wanted to find out whether the high-
dominant when the reduced energy gap to the next lowestegoytion techniques could also yield information on ligand-

level is p = 5. For a complex such as [L?(d@]ff, the field splittings in the molecular title complexes.
highest-energy oscillatorfimax = 3000 cnT?) have been The 12 K crystal absorption spectra in Figure 2 show

Eurp;)hgely mc(;jvedf ?P:N ayhfr|0;n t.he mftilz 6%”' S? that the splittings of the multiplets even under moderate instrumental
reathing mode of the chelate rinff = cnT’) may resolution, which are due to ligand-field splittings. By

also Ela rtlc[[patetln the f(:eatt_:tlvat}t()) ”-tWe- Itherefore, dzeg'gg and increasing the instrumental resolution, the natural line widths
roughly estimate an effective vibrational enefgyer can be obtained, and they are of the order of 5%at 15

Cmi.l‘ .corresp.onding to aw.eighted average of the vibrations K for the electronic origins. These line widths are inhomo-
participating in the nonradiative relaxation process. geneous at this temperature.

With this, we can interpret the observed behavior in the . I -
) A fundamental difference between ionic crystals containing

three complexes of this study. In [Er(dgid), the largest S L ) .
) lanthanide ions and the crystals containing ligands with

energy gap between two adjacent energy levels abigye :

) e . conjugatedr electrons becomes apparent when the crystals

is about 4000 cmt, namely betweertS;, and “Fo; see o ) )
. . . o are excited in the green, blue, and near-UV regions. The title

Figure 2. The maximunpes is thus about 2, nonradiative . ) .
compounds all show a strong white luminescence covering

relaxation dominates throughout, and no luminescence iSthe whole visible range at all temperatures. This is ascribed
— 1 3 i :
observed. In [Tm(dpa)”", the'G4 {0 °F, energy gap is about to the excitonic character of the—s* excitations in the

6000 cn™, and the gap betweeff, and °Hs about 4500 crystal. One consequence of this is that the lowest intrinsic
. . : .
cm % see Figure 2. This correspondsig values of 3.0 1T* and 3IT* states of the crystal will lie below those of the

and 2.25 in our rough energy gap law estimate. Extremely . ) o
. . 27 isolated complex. Another consequence is the delocalization
weak luminescence with a lifetime shorter than @s5could o . . - .
be observed from bofiG, and?F, in [Tm(dpa)j*~; see Table of the excitation, leading to a high probability of trapping
K by slightly perturbed or photochemically modified complexes

1. From studies of T&t in ionic halide crystals, the lifetimes . .
1 3 and the consequent observation of luminescence from many
of 1G4 andF, are known to be of the order of 0.5 and 1 ms, .
traps covering a very broad spectral range.

respectivel\¥! We can assume that these decay times are o ) )
Excitation below 14600 cni is free of these complica-

radiative. We conclude that in [Tm(dpi nonradiative ) - ,
depletion processes dominate the radiative luminescencd!©nS: and we made use of the tunable Ti:sapphire laser to
selectively excite théF, multiplet around 12500 cnt in

processes from these states by a factor of at least 10 X

In [Yb(dpa}]>, the luminescence intensity is clearly NalTm(dpa}]-13H,0 and the?Fs, multiplet around 10200

i = .

higher than in [Tm(dpa)®". We determined the following €™ IN Na[Yb(dpa}]-13H,0. ,
lifetimes: 2us for [Yb(dpa}]®~ in aqueous solution at room We first discuss the fine structure of thBz, — s
temperature and 2.&s for Na[Yb(dpa}]-13H;0 at 15 K; transitions in the latter. The high-resolution absorption
see inset to Figure 5b and Table 1. In this case, the radiativeSPectrum is shown as a function of temperature in Figure 3,
lifetime of 2Fs, is about 1 ms. Therefore, nonradiative Whereas the corresponding luminescence and laser excitation
depletion processes dominate the radiative luminescenceSPectra at 15 K are depicted in Figure 4. From the fact that
processes by a factor of abouts12. We also note from the absorption and the excitation spectra are identical, we
the measured lifetimes in the ¥bsamples that the nonra- conclude that the luminescence is intrinsic. The line at 10217
diative relaxation rate is essentially temperature independentCM * is immediately identified as the-@0' transition, that
This is in contrast to the behavior &f, for energy gaps of IS, the common origin of both the absorption and the
p = 5 in chloride and bromide crystalThe reason is that luminescence spectrum at low temperatures. In luminescence,
in our molecular systenfiwer > kT at all temperatures, this origin suffers from reabsorption in the crystal at low
whereas in the halidefwmay is Of the same order of temperature and is thus reduced in intensity. The assignment
magnitude a&T at room temperature. In this discussion, we ©Of the other lines to the ligand-field components is shown at
have not explicitly considered the influence of the solvent the top of Figures 3 and 4. Itis complicated by the presence
vibrations on the nonradiative deactivation of the complex. Of relatively strong vibrational sidebands built on the®
It has been shown for other encapsulated*Ytomplexes origin, both in absorpt|0n_ and Iumlnescenc_e. This phenom-
that such an influence exist§Ve have implicitly considered ~ €non has been observed in the corresponding spectra’sf Yb

this influence in our estimate & ~ 2000 cnT?. For the in many host lattices. It appears to be unique t¢'Yand
same complex in BD instead of HO, hwer would be must have to do with its electronic structure. Nevertheless,
correspondingly smaller. by combining all the information from luminescence, excita-

(31) Gzen, G.; Kermaoui, A.; Denis, J. P.; Wu, X.; Pelle, F.; Blanzat, B. (32) Lithi, S. R.; Hehlen, M. P.; Gdel, H. U.J. Chem. Phys1999 110,
J. Lumin.1995 63, 85—96. 12033-12043.
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Optical Spectroscopy of NfLn(dpa)s]-13H,0

The molecular symmetry of the [Ln(dp#)  complexes

232010]-- $1 is Ds. In the monoclinic structure, space gro@pi/c, which
1 35500 cmr? all the title compounds adopt, the packing leads to small
molecular distortions, and the exact point symmetry of the
30000 + T e 1] Ln3t center isC;. In the approximate point groups, we
— L % 268 expect 4 and 3 ligand-field levels f8F;;, and?Fs;, in Nas-
,J&Q 71 [Yb(dpa)]-13H,0, as observed and assigned. InsNen-
20000 1 // 10217 +0 (dpa}]-13H,0, we expect 9 and 13 levels féF, and3Hs,
P respectively, both iD; and C;.
2F5p 7
10000y = \ 5. Conclusions
2712 % é * Exc_itgtion of 'IT—IT* transitions of_the ligand i_s followed
_— - 138 by efficient energy transfer to-ff excited states in all three
0 titte complexes in solution. The transfer process to%hg

Figure 8. Schematic energy level diagram for a single crystal of-Na  state of YI§*, which appears puzzling at first sight, can be
{Z%‘ipz);]ﬂ':g;gg'JQ&%?}?E%‘?%&”S‘.’V&‘VE””mbers) fared T, correspond plausibly explained using a simple SCC model and consider-
ing the whole [Yb(dpa]®~ complex as the relevant chro-
mophore. Nonradiative relaxation processes are dominant
tion, and temperature dependent absorption, we can confi-also among the-ff excited states in all three systems. The
dently draw the energy level patterns f&t,, and °Fs, as result is that no luminescence could be observed for
shown in Figure 8. Figure 4 also shows the 15 K lumines- [Er(dpa}]®~, and the luminescences of [Tm(dgd) and
cence and excitation spectra of [Yb(dg#) in a PVA matrix. [Yb(dpak]®~ are very weak and short-lived. There is no
The band positions are the same as in the crystal spectrumchance to induce and observe upconversion luminescence
but they are inhomogeneously broadened. in these molecular compounds. Crystals excited in the green,
In a very similar procedure, we analyze the 15 K blue, and near-UV regions show intenses* luminescence
absorption, luminescence, and excitation spectra ofifae  throughout the visible. This is ascribed to the excitonic
< 3F, transitions in NgTm(dpa)]-13H,0. The 15 K character of thez—n* excitations, resulting in trap lumi-
absorption and excitation spectra are again similar, and therenescence from impurities and photoproducts. On the other
is a coincidence of the origins—@' at 12459 cm®. We hand, by using high-resolution laser spectroscopy at cryo-
conclude that the luminescence is intrinsic. Whereas at leastgenic temperatures in the NIR, the crystal spectra can be
six ligand-field components ofF,; can be identified from  used to determine the ligand-field splitting of the low-lying
the absorption and excitation spectra, not all the ligand-field states in the TRt and YB3+ complexes.
components of théHs ground state are resolved in the
luminescence spectrum, and the energy level patterfiHor
at the top of Figure 6 is thus incomplete. But again, these
highly resolved spectra provide a good basis for a derivation
of the ligand-field splittings in the ground and excited state. 1C0108484
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